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thermodynamic  and  kinetic  parameters  such  as  concentration  gradients,  reaction  times,  and 
confinement;  2)  interactions  at  the  interface  of  nanotechnology  and  biology,  including  bio-enabled 
discrimination  of  the  combinatorial  inputs  and  biotemplating  of  nanomaterials;  and  3) 
informatic/analytical  feedback,  which  provides  output  measurement  and  refinement.  To  this  end, 
we  have  successfully  generated  new  programmable,  stimuli-responsive  capsules  containing 
selectively  triggered  nanomaterials,  as  well  as  enabled  new  combinatorial  modalities  using 
advanced  3D  printing  methodologies  developed  in  our  group.  A  detailed  description  is  attached. 

Publications  during  reporting  period: 

1)  M.  K.  Gupta,  F.  Meng,  B.  N.  Johnson,  Y.  L.  Kong,  L.  Tian,  Y.-W.  Yeh,  N.  Masters,  S. 
Singamaneni,  M.  C.  McAlpine.  “3D  Printed  Programmable  Release  Capsules.”  Nano  Lett. 
15,5321-5329  (2015). 

•  Highlighted  on  NIH  website:  http://www.nibib.nih.gov/news-events/newsroom/new- 
3d-printed-scaffolds-could-enable-researchers-release-biomolecules-body 

2)  S.  Chen,  K.-R.  G.  Reyes,  M.  K.  Gupta,  M.  C.  McAlpine,  W.  B.  Powell.  “Optimal  Learning 
in  Experimental  Design  Using  the  Knowledge  Gradient  Policy  with  Application  to 
Characterizing  Nanoemulsion  Stability.”  SIAM/ASA  J.  Uncertainty  Quantification  3,  320- 
345  (2015). 

3)  “Peptide  Functionalized  Gold  Nanorods  for  the  Sensitive  Detection  of  a  Cardiac  Biomarker 
Using  Plasmonic  Paper  Devices”  Tadepalli,  S.;  Kuang,  Z.;  Jiang,  Q.;  Liu,  K.-K.;  Fisher, 
M.  A.;  Morrisey,  J.  J.;  Kharasch,  E.  D.;  Naik,  R.R.;  Singamaneni,  S.  Sci.  Rep.  (In  Press) 

4)  Y.  L.  Kong,  I.  A.  Tamargo,  H.  Kim,  B.  N.  Johnson,  M.  K.  Gupta,  T.-W.  Koh,  H.-A.  Chin, 
D.  A.  Steingart,  B.  P.  Rand,  M.  C.  McAlpine.  “3D  Printed  Quantum  Dot  Light-Emitting 


1 


Diodes.”  Nano  Lett.  14,  7017-7023  (2014). 

•  Highlighted:  “Materials:  Diodes  printed  in  three  dimensions.”  Nature  515,  468  (2014). 

•  Highlighted:  “Device  fabrication:  Three-dimensional  printed  electronics.”  Nature  518, 
42-43  (2015). 

5)  E.  Urn,  H.  Kim,  J.  Jeong  and  H.A.  Stone.  Observations  of  different  oscillation  modes  and 
control  of  droplet  sequence  in  alternating  droplet  generation.  MicroTAS  (2015). 

6)  E.  Um,  J.  Nunes,  T.  Pico  and  H.A.  Stone.  Multicompartment  microfibers:  fabrication  and 
selective  dissolution  of  composite  droplet-in-fiber  structures.  J.  Materials  Chem.  B  2, 
7866-7871  (2014). 

7)  Y.  L.  Kong,  M.  S.  Mannoor,  M.  C.  McAlpine.  “Bionic  Graphene  Nanosensors,”  in  Carbon 
Nanomaterials  for  Biomedical  Applications.  Ed:  L.  Dai,  R.  R.  Naik,  M.  Zhang.  In  Press 
(Springer,  2015). 

Changes  in  research  objectives,  if  any:  None 
Change  in  AFOSR  program  manager,  if  any:  None 
Extensions  granted  or  milestones  slipped,  if  any:  None 

Include  any  new  discoveries,  inventions,  or  patent  disclosures  during  this  reporting  period: 

1)  M.  C.  McAlpine,  M.  S.  Mannoor.  “Use  and  Making  of  Biosensors  Utilizing  Antimicrobial 
Peptides  for  Highly  Sensitive  Biological  Monitoring.”  U.S.  Patent  9,029,168  issued  May 
12,2015. 

2)  April  2014:  Filed  invention  disclosure  “Novel  Droplet-Embedded  Microfibers,  and 
Methods  and  Devices  for  Preparing  and  Using  Same”  by  H.A.  Stone,  J.K.  Nunes,  E.  Um 
and  T.  Pico 

3)  Bassler,  B.L.,  Stone,  H.A.,  Semmelhack,  M.F.,  Drescher  K.,  Shen  Y.,  Oloughlin,  Ct.  T. 
Miller,  L.  C.  “System  for  measuring  biofilm  streamers  comprises  channel  comprising  inlet, 
outlet,  lumen,  and  biofilm  streamer  promotion  element,  fluid  capable  of  moving  along 
channel,  and  measuring  element  capable  of  measuring  flow  rate  of  fluid.”  U.S.  Patent 
2015191765-A1. 

Personnel  Supported: 

a.  Postdoctoral  Research  Associate  Dr.  Maneesh  Gupta  (McAlpine) 

b.  Postdoctoral  Research  Associate  Dr.  Fanben  Meng  (McAlpine) 

c.  Postdoctoral  Research  Associate  Dr.  Kaiyan  Qiu  (McAlpine) 

d.  Postdoctoral  Research  Associate  Dr.  Eujin  Um  (Stone) 

e.  Postdoctoral  Research  Associate  Dr.  Janine  Nunes  (Stone) 

f.  Postdoctoral  Research  Associate  Dr.  Bo  Hu  (Singamaneni) 

g.  Postdoctoral  Research  Associate  Dr.  Christian  Ventocilla  (Semmelhack) 

h.  Graduate  Student  Sirimuvva  Tadepalli  (Singamaneni) 

i.  Graduate  Student  Yong  Lin  Kong  (McAlpine/Stone) 

j.  Undergraduate  Student  Harrison  Lee  (Semmelhack) 

Honors/Awards: 

McAlpine: 

•  SPIE  Nanoengineering  Pioneer  Award  (20 1 5) 

•  NIH  Director’s  New  Innovator  Award  (2014) 


2 


•  Nanonica  Prize  (2014) 

Stone: 

•  Rowland  Visiting  Fellow  (first  appointed  in  the  new  program),  Rowland  Institute  at 
Harvard,  March  2015 

•  Yunker  Lecture,  Oregon  State  University,  Department  of  Physics,  May  2015 

•  Academic  Committee  of  the  Board  of  Governors,  Technion,  Israel  Institute  of  Technology, 
20 15 -present 

•  Scientific  Advisory  Committee  of  the  Institute  of  High  Perfonnance  Computing,  A*STAR, 
Singapore,  2014-present 

Singamaneni: 

•  Ms.  Sirimuvva  Tadepalli  received  the  best  poster  award  at  the  St.  Louis  Institute 
of  Nanoscience  and  Nanomedicine  Symposium,  2014,  held  at  St.  Louis  University. 

Invited  Presentations: 

McAlpine: 

1)  “3D  Printed  Bionic  Nanomaterials,”  University  of  Maryland  -  Baltimore  County, 
Baltimore,  MD  (4/27/15). 

2)  “Nanoengineering  Pioneer  Award:  3D  Printed  Bionic  Nanomaterials,”  SPIE  Conference, 
Baltimore,  MD  (4/24/15). 

3)  “3D  Printed  Bionic  Nanomaterials,”  MIT,  MTL  Seminar  Series,  Cambridge,  MA 
(4/22/15). 

4)  “3D  Printed  Nanodevices,”  Design  of  Medical  Devices  Conference,  Minneapolis,  MN 
(4/15/15). 

5)  “3D  Printed  Biomedical  Devices,”  Design  of  Medical  Devices  Conference,  Minneapolis, 
MN  (4/15/15). 

6)  “3D  Printed  Devices,”  VM  Global  Leadership  Summit,  New  York,  NY  (3/18/15). 

7)  “Keynote:  3D  Printed  Bionic  Nanomaterials,”  3D  Printing  and  Bionics  Seminar,  MIN- 
Corps,  University  of  Minnesota,  Minneapolis,  MN  (2/28/15). 

8)  “3D  Printed  Bionic  Organs,”  Maker  Faire  Rome,  Rome,  Italy  (10/2/14). 

9)  “Bionic  Nano-Printing,”  NIP30  Conference,  Philadelphia,  PA  (9/10/14). 

10)  “Bionic  Nanomaterials,”  Langer  Lab  Seminar  Series,  Cambridge,  MA  (9/3/14). 

11)  “Bionic  Nanomaterials,”  DuPont  Central  Research  and  Development,  Wilmington,  DE 
(8/19/14). 

Semmelhack: 

1)  Plenary  lecture  at  the  Cope  Scholar  Award  Symposium,  American  Chemical  Society 
National  Meeting,  9/5/2013. 

Stone: 

1)  Miller  Fellowship  Program,  June  2014. 

2)  APS  DFD  meeting,  San  Francisco,  CA,  November  2014. 

3)  University  of  Pennsylvania,  Department  of  Bioengineering,  March  2015. 

4)  (First)  Invited  Senior  Fellow,  Rowland  Institute,  Harvard  University,  March  2015. 

5)  Yunker  Lecture,  Oregon  State  University,  Department  of  Physics,  May  2015. 

Singamaneni: 

1)  Nanoelectronics  Branch,  Materials  and  Manufacturing  Directorate,  Air  Force  Research 
Laboratory,  Dayton  OH,  8/12/2015. 


3 


Transitions: 

•  We  have  collaborated  with  Dr.  Rajesh  Naik’s  group  at  AFRL  as  a  part  of  this  grant.  He  is 
a  co-corresponding  author  in  some  publications. 

Research  Accomplishments: 

Project  #1:  3D  Printed  Programmable  Release  Capsules 

See  attached  paper 

Project  #2:  Multicompartment  microfibers  -  Fabrication  and  selective  dissolution  of 
composite  droplet-in-fiber  structures 

Overview:  We  have  studied  droplet  formation  and  encapsulation  and  methods  for  forming  threads 
with  embedded  particles  and  droplets.  These  approaches  to  “digital  microfluidics”  offer  a  variety 
of  opportunities  in  material  science  and  readily  build  bridges  to  molecular  biology  and  cellular 
engineering.  In  one  main  thrust  of  our  work  we  have  focused  on  multicompartment  microfibers, 
which  have  great  potential  as  a  system  for  encapsulating  functional  materials  for  numerous  fields 
and  applications,  including  biological  systems  involving  bacterial  and  mammalian  cells.  In 
particular,  we  have  developed  methods  for  the  fabrication  of  a  composite  fiber  structure  that  can 
exhibit  a  high  level  of  spatial  control  within  the  fiber  structure,  where  the  micron-dimension  fibers 
can  be  used  for  the  efficient  storage  and  release  of  multiple  cargos.  In  particular,  we  have  designed 
and  demonstrated  a  passive  microfluidic  method  that  continuously  produces  in  situ  droplets 
embedded  within  fibers,  including  double-emulsion  droplets  aligned  along  the  length  of  the 
microfibers,  which  have  not  been  reported  previously  (a  schematic  of  the  idea  is  given  in  Figure 
1).  These  novel  composite  fiber  structures  have  well-controlled  heterogeneous  compositions  with 
alternating  characteristics:  hydrophilic  versus  hydrophobic,  or  solid  versus  liquid,  which  are  highly 
suitable  for  encapsulating  many  different  types  of  materials.  For  example,  we  have  demonstrated 
some  of  the  encapsulation  capabilities  of  these  multicompartment  fiber  structures  by  loading  a 
wide  range  of  materials,  from  microparticles  to  small  molecule  compounds  (e.g.  biocides),  with 
varying  degrees  of  solubility  and  compatibilities. 


Figure  1:  Schematic  of  the  design  of  micro  fluidic  system  for  multicompartment  micro  fibers. 
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Basic  features  of  the  experimental  system  and  observations  of  the  multicompartment 
structures:  We  can  encapsulate  oil  droplets  in  the  fiber  or  water-in-oil  double  emulsion  droplets 
in  the  fiber  as  sketched  in  Figure  1.  The  hydrophobic  walls  of  the  polydimethylsiloxane  (PDMS) 
microchannel  are  necessary  for  making  aqueous  droplets  in  the  oil  continuous  phase  and  to  prevent 
adhesion  during  the  production  of  the  hydrogel  fibers.  In  order  to  make  oil  droplets  in  an  aqueous 
stream,  the  PDMS  walls  were  chemically  modified  to  become  hydrophilic  in  that  region  of  the 
microchannel.  To  achieve  the  hierarchical  structuring,  the  micro  fluidic  device  is  composed  of  a 
sequence  of  flow-focusing  junctions.  At  the  first  junction,  droplets  of  alginate  solution  are 
generated  in  the  oil  phase  and  the  alginate  droplets  are  gelled  by  the  calcium  ions  in  the  oil  phase. 
We  chose  to  gel  the  inner  aqueous  phase  because  the  alginate  particles  are  more  stable  than 
aqueous  droplets  in  the  final  fiber  structure.  At  the  second  junction,  oil  droplets  containing  alginate 
particles  are  formed  in  alginate  solution  (Figure  1,  lower  left).  At  the  third  junction,  the  alginate 
fiber  with  embedded  alginate  particle-in-oil  droplets  is  fonned  as  the  alginate  stream  is  focused  by 
an  outennost  aqueous  sheath  solution  containing  calcium  ions,  which  triggers  solidification  of  the 
alginate  stream. 

One  advantage  of  using  microfluidics  for  droplet  generation  is  the  ease  of  customization  of  the 
size  and  density  of  the  droplet  and  particle  microcompartments  within  the  fiber  structure.  We  can 
make  fibers  with  one  alginate  particle  per  oil  droplet  or  multiple  alginate  particles  per  oil  droplet 
(Figure  1,  lower  right).  Also,  the  distance  between  the  oil  droplet  compartments  in  the  fiber  can  be 
controlled  by  the  dimension  of  the  channel  and  the  flow  rates.  A  wide  variety  of  cargos  can  be 
added  to  the  different  compartments  of  the  micro  fiber.  Figure  2  summarizes  our  efforts  to 
encapsulate  various  materials  in  the  three  different  microcompartments  of  the  composite  fiber. 


(a)  « 


©  • 


(b)|l 


Figure  2:  Examples  of  encapsulation  in  the  multicompartment  fibers,  (a)  Bright-field  and 
fluorescence  images  of  alginate-in-oil-in-alginate  fibers  where  fluorescent  nanoparticles  are 
encapsulated  in  the  inner  alginate  particles  of  the  fibers.  The  fibers  are  freely  suspended  in  calcium 
chloride  solution.  Scale  bars  =  200  pm.  (b)  Bright-field  images  of  an  alginate-in-oil-in-alginate 
fiber  where  the  alginate  core  particles  contain  magnetic  microparticles  that  allow  the  fiber  to  be 
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attracted  to  a  magnet  (at  right),  as  indicated  by  the  arrow.  Scale  bars  =  500  pm.  (c-e)  Encapsulation 
of  live  cells  in  alginate-in-oil-in-alginate  fibers,  (c)  Fibroblast  cells  growing  in  the  alginate  fiber 
compartment  with  ferrofluid  inside  the  oil-droplet  compartment,  3  days  after  the  initial 
encapsulation.  Live/dead  assay  is  performed  using  calcein-AM  (green  fluorescence)  and  ethidium 
homodimer- 1  (red  fluorescence),  (d)  E.  coli  cells  encapsulated  in  the  oil-in-alginate  fibers 
suspended  in  LB  growth  medium  after  3  hours. 

As  calcium-crosslinked  alginate  is  hydrophilic  and  has  pore  sizes  on  the  order  of  10  nm,  the 
heterogeneous  composite  structure  of  the  fiber  is  more  suitable  for  storing  materials  with  different 
sizes  and  chemistries,  and  so  we  have  investigated  small  molecule,  macromolecule,  and  micro- 
and  nano-particulate  cargoes,  some  of  which  are  hydrophobic  and  others  hydrophilic.  As  a  model 
particle  cargo,  200  nm  fluorescent  nanoparticles  were  added  to  the  inner  alginate  particle  to 
produce  fluorescent  core  microfibers  (Figure  2a).  The  nanoparticles  were  clearly  encapsulated  in 
the  inner  particles  of  the  fiber,  and  were  not  found  anywhere  else  in  the  fiber  structure.  We  also 
demonstrated  encapsulation  of  protein  by  adding  fluorescein  isothiocyanate  (FITC)  conjugated 
bovine  serum  albumin  (BSA;  molecular  weight:  66  kDa)  to  the  alginate  particles.  FITC-conjugated 
BSA  encapsulated  in  the  inner  alginate  particle  was  also  protected  by  the  oil  layer  of  the  outer 
droplet  compartment,  and  we  observed  the  fluorescence  for  20  hours.  Similarly,  magnetic 
microparticles  of  1  pm  size  were  added  to  the  inner  alginate  particle.  The  magnetic  alginate 
particles  allowed  the  fiber  to  respond  to  an  external  magnetic  field,  as  shown  in  Figure  2b,  where 
the  multicompartment  fiber,  suspended  in  calcium  chloride  solution,  was  drawn  towards  a  magnet. 
The  fibers  can  also  exhibit  magnetic  properties  by  adding  magnetic  material  to  the  oil  phase.  To 
illustrate  this  feature,  we  incorporated  an  oil-based  ferrofluid,  containing  10  nm  iron  oxide 
nanoparticles,  in  the  oil  droplets  of  the  fiber  to  produce  magnetically  responsive  fibers. 

A  hydrogel  fiber  is  a  good  material  for  studying  three-dimensional  cell  growth  and  as  a  scaffold 
for  tissue  engineering.  As  researchers  try  to  incorporate  more  functionality  in  the  hydrogel  used 
for  cell  encapsulation,  such  as  magnetic  response,  we  can  fabricate  our  multicompartment  fibers 
with  that  function  without  having  to  disperse  the  magnetic  particles  in  the  hydrogel  precursors.  We 
added  oil-based  ferrofluid  in  the  oil  compartment  of  the  fibers  and  grew  mammalian  cells  inside 
the  alginate  fiber  (Figure  2c).  A  Live/Dead  assay  shows  high  viability  (94%  viability)  of  the  cells 
after  growing  for  6  days  inside  fibers  that  are  freely  suspended  in  cell  medium.  Since  the  oil-based 
ferrofluid  is  localized  only  in  the  oil  compartment,  we  can  encapsulate  very  high  concentrations 
of  ferrofluid  for  strong  magnetic  attraction  without  affecting  the  cells  in  the  fiber.  Fibers  spun  with 
a  motor  formed  a  sheet  of  cells  embedded  with  ferrofluid  droplets.  After  6  days,  84%  of  the  cells 
grown  in  the  sheet  were  viable,  showing  more  death  of  the  cells  in  the  middle  of  the  sheet  possibly 
due  to  a  deficiency  of  oxygen  and  nutrient  transport. 

We  also  tested  the  growth  of  bacterial  cells,  Escherichia  coli  ( E .  coli),  in  the  oil  droplet-in-alginate 
fibers  (Figure  2d).  The  E.  coli  cells  encapsulated  in  the  fibers  were  suspended  in  the  Luria-Bertani 
(LB)  medium  for  2 1  hours,  and  grew  very  well  inside  the  fibers  where  they  completely  surrounded 
the  oil  droplets. 

Reference: 

E.  Um,  J.  Nunes,  T.  Pico  and  H.A.  Stone.  Multicompartment  microfibers:  fabrication  and  selective 
dissolution  of  composite  droplet-in-fiber  structures.  J.  Materials  Chem.  B  2,  7866-7871  (2014). 
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ABSTRACT:  The  development  of  methods  for  achieving 
precise  spatiotemporal  control  over  chemical  and  biomolecular 
gradients  could  enable  significant  advances  in  areas  such  as 
synthetic  tissue  engineering,  biotic— abiotic  interfaces,  and 
bionanotechnology.  Living  organisms  guide  tissue  develop¬ 
ment  through  highly  orchestrated  gradients  of  biomolecules 
that  direct  cell  growth,  migration,  and  differentiation.  While 
numerous  methods  have  been  developed  to  manipulate  and 
implement  biomolecular  gradients,  integrating  gradients  into 
multiplexed,  three-dimensional  (3D)  matrices  remains  a 
critical  challenge.  Here  we  present  a  method  to  3D  print  stimuli-responsive  core/shell  capsules  for  programmable  release  of 
multiplexed  gradients  within  hydrogel  matrices.  These  capsules  are  composed  of  an  aqueous  core,  which  can  be  formulated  to 
maintain  the  activity  of  payload  biomolecules,  and  a  poly(lactic-co-glycolic)  acid  (PLGA,  an  FDA  approved  polymer)  shell. 
Importantly,  the  shell  can  be  loaded  with  plasmonic  gold  nanorods  (AuNRs),  which  permits  selective  rupturing  of  the  capsule 
when  irradiated  with  a  laser  wavelength  specifically  determined  by  the  lengths  of  the  nanorods.  This  precise  control  over  space, 
time,  and  selectivity  allows  for  the  ability  to  pattern  2D  and  3D  multiplexed  arrays  of  enzyme-loaded  capsules  along  with  tunable 
laser-triggered  rupture  and  release  of  active  enzymes  into  a  hydrogel  ambient.  The  advantages  of  this  3D  printing-based  method 
include  (l)  highly  monodisperse  capsules,  (2)  efficient  encapsulation  of  biomolecular  payloads,  (3)  precise  spatial  patterning  of 
capsule  arrays,  (4)  “on  the  fly”  programmable  reconfiguration  of  gradients,  and  (5)  versatility  for  incorporation  in  hierarchical 
architectures.  Indeed,  3D  printing  of  programmable  release  capsules  may  represent  a  powerful  new  tool  to  enable  spatiotemporal 
control  over  biomolecular  gradients. 

KEYWORDS:  3D  printing,  spatiotemporal  patterning  release  capsules,  plasmonic  nanorods,  core— shell  particles, 
biomolecular  gradients 


The  ability  to  mimic  the  dynamic  microenvironment 
surrounding  cells  in  natural  tissues  is  critical  to  engineer¬ 
ing  synthetic  analogues.1”5  Cell  fate  is  influenced  by  numerous 
molecular  factors  and  interactions  that  require  meticulous 
control  for  regeneration  of  functional  tissue.  In  order  to  achieve 
such  control,  engineered  matrices  must  be  capable  of 
generating  multiplexed  spatiotemporal  molecular  gradients  in 
3D  architectures.6  8  Extensive  research  efforts  to  engineer  such 
matrices  have  resulted  in  a  number  of  promising  methods  to 
generate  and  control  molecular  gradients.1,9”14  For  example, 
novel  labile  chemical  linkers  have  been  used  to  pattern  and 
release  biomolecules  from  polymer  backbones  in  response  to 
external  stimuli.13,15  While  this  method  provides  excellent 
spatiotemporal  control,  selective  multiplexed  release  requires 
engineering  orthogonal  linkers  for  each  molecular  factor  to  be 
released,  which  can  quickly  become  cumbersome.  As  a  second 
example,  microfluidic  channels  have  been  directly  incorporated 
in  hydrogels,  providing  a  means  to  flow  biomolecule  solutions 
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through  the  gels.12,16,17  This  allows  for  the  flexibility  of 
generating  steady-state  gradients  that  can  be  maintained  over 
long  periods  of  time.12  However,  multiple  independent 
networks  are  required  for  multiplexed  gradients,  and  an 
extensive  pumping  and  fluid-handling  infrastructure  is  required. 
This  approach  is  thus  more  suitable  as  a  route  to  generate 
vasculature  by  consistently  supplying  nutrients  to  and  removing 
waste  from  the  tissue,  rather  than  a  means  of  generating 
transient  gradients  of  biomolecules  that  can  control  cell  fate  at  a 
local  level.18 

Micro/nanoparticles  loaded  with  biomolecules  represent  a 
versatile  approach  to  delivering  multiplexed  gradients.6,19”22 
While  such  particles  can  be  made  via  numerous  methods  and 
from  a  wide  range  of  materials,  they  are  most  commonly 
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I)  Core  Printing  II)  Shell  Coating  III)  Programmable  Rupturing 


Figure  1.  Programmable  printing  and  rupturing  of  capsules:  (I)  multiplexed  arrays  of  aqueous  cores  containing  biomolecular  payloads  are  printed 
directly  on  a  solid  substrate;  (II)  PLGA  solutions  containing  AuNRs  of  varying  lengths  are  dispensed  directly  on  the  aqueous  cores,  forming  a  solid 
stimuli-responsive  shell;  (III)  the  capsules  are  selectively  ruptured  via  irradiation  with  a  laser  wavelength  corresponding  to  the  absorption  peak  of  the 
nanorods. 


formulated  from  biodegradable  polymers  using  double 
emulsification  or  coacervation  methods.23  The  particles  can 
be  efficiently  loaded  with  a  variety  of  biomolecular  payloads, 
while  maintaining  their  activities.  Synthesizing  particles  loaded 
with  different  factors  and  localizing  them  within  a  hydrogel 
matrix  can  lead  to  the  generation  of  multiplexed  spatial 
gradients.6  The  payload  release  kinetics  can  be  adjusted  by 
controlling  particle  properties  (e.g.,  diameter,  shell  thickness, 
and  porosity).  However,  spatiotemporal  control  over  the 
gradients  is  typically  coarse,  as  most  scalable  methods  to 
synthesize  particles  result  in  highly  polydisperse  populations.24 
Recent  research  efforts  have  focused  on  two  significant 
challenges  to  achieving  robust  control  over  release  kinetics. 
First,  microfluidic  methods  are  being  developed  to  synthesize 
monodisperse  particles  with  a  high  degree  of  control  over 
particle  properties.2'-"  Second,  strategies  to  render  particles 
stimuli-responsive  are  being  developed,  so  that  the  release  of 

biomolecules  can  be  manipulated  externally  and  dynam- 

.  ,,  20,28-31 

ically. 

3D  printing  is  an  additive  manufacturing  technique  with  the 
potential  to  revolutionize  the  fabrication  of  bioactive  nano¬ 
devices  containing  biotic— abiotic  interfaces,  for  applications 
such  as  tissue  engineering  scaffolds.32  36  In  prior  work,  we  have 
shown  that  3D  printing  offers  the  flexibility  to  interweave  a 
wide  palette  of  functional  materials,  including  nanomaterials, 
biomaterials,  and  living  cells,  in  a  free-form,  layer-by-layer 
manner.32’37  32  Moreover,  in  biomedical  applications,  each 
device  can  be  customized  to  patient-specific  designs  and 
functionalities.  Finally,  the  recent  explosion  of  interest  in  this 
table-top  manufacturing  technology  has  dramatically  lowered 
the  technical  barriers  for  entry  and  use. 

Here,  we  introduce  a  novel  3D  printing  based  method  to 
produce  highly  monodisperse  core/shell  capsules  with  robust 
control  over  particle  properties,  passive  release  kinetics,  and 
particle  distributions  throughout  a  3D  matrix.  Furthermore,  we 
render  these  capsules  stimuli-responsive  by  incorporating 
AuNRs  into  the  polymer  shell,  allowing  for  highly  selective 
photothermal  rupture  and  triggered  temporal  release  of  the 
biomolecular  payload.  Figure  1  illustrates  our  concept.  First,  a 
patterned  array  of  multiple  aqueous  cores  containing  functional 
biomolecules  is  printed  on  a  solid  substrate.  Second,  polymer 
shells  functionalized  with  AuNRs  are  deposited  to  encapsulate 
each  printed  core.  All  of  the  fabrication  processes  are 
accomplished  using  a  custom-built  3D  printer  (see  Supporting 


Information)  based  on  a  fluid-dispensing  robot  combined  with 
a  digital  pressure  regulator.  Finally,  the  programmable  release  of 
functional  biomolecules  is  triggered  by  laser  rupture  of  the 
polymer  shell  due  to  the  photothermal  effect  caused  by  the 
localized  surface  plasmon  resonance  (LSPR)  of  the  AuNRs.40 

A  critical  first  step  is  to  develop  reliable  methods  to  print  the 
aqueous  cores,  which  contain  the  target  biomolecules,  with 
defined  control  over  volumes  and  concentrations.  Cores  were 
printed  using  a  3D  printer  based  on  a  Fisnar  F5200N  benchtop 
gantry  (see  Supporting  Information).  To  tune  the  printability 
of  the  aqueous  core  inks,  poly(vinyl  alcohol)  (PVA,  MW  ~ 
85  000;  Sigma- Aldrich)  was  added  to  adjust  the  ink  to  a  suitable 
viscosity,  and  ethylene  glycol  (J.T.  Baker)  was  added  as  a 
humectant.  A  typical  core  ink  formulation  consisted  of  0.5  g  of 
PVA  and  2.5  g  of  ethylene  glycol  dissolved  in  10  g  of  total 
solution.  Into  this  solution,  payloads  such  as  food  dyes, 
biomolecules,  or  enzymes  were  dissolved  at  concentrations 
ranging  from  0.1  to  10  mg/mL. 

Aqueous  cores  were  first  printed  onto  a  hydrophobic 
substrate  such  as  a  polystyrene-coated  Si  wafer  or  siliconized 
glass  slides  (Hampton  Research).  Moderately  hydrophobic 
substrates  were  selected  (contact  angles  ~70°— 100°)  so  that 
aqueous  cores  could  partially  wet  the  substrate  and  detach  from 
the  printer  tip,  while  minimizing  spreading  and  maintaining  the 
droplet  shape.  The  volume  of  dispensed  droplets  was 
controlled  by  varying  the  dispense  time,  applied  pressure,  and 
distance  between  tip  and  substrate.  Figure  2A  shows  a 
representative  region  of  a  25  X  25  array  of  blue  aqueous 
cores  with  a  200  /.im  center-to-center  spacing  printed  on  a 
polystyrene  substrate.  The  diameters  of  the  printed  cores  can 
be  controlled  via  proper  modulation  of  the  dispensing  time  and 
pressure  during  printing.  As  shown  in  Figure  2B,  the  mean  core 
volume  is  0.5  nL,  with  a  total  volume  variation  of  less  than  10%. 
To  demonstrate  spatial  control,  Figure  2C  shows  an  optical 
image  of  an  array  of  red  and  blue  multiplexed  cores  with  center- 
to-center  spacings  of  200  /rm  between  red  and  blue  neighbors. 
Significantly,  the  patterned  arrays  can  be  produced  over  large 
areas  with  high  fidelity.  Figure  2D  shows  the  printing  of  a 
“Princeton  tiger”  consisting  of  4000  red  and  blue  cores,  with  a 
spacing  of  400  /.im. 

To  demonstrate  the  versatility  and  2D  multiplexing 
capabilities  of  this  approach,  we  next  sought  to  generate  arrays 
of  cores  containing  varying  volumes  and  compositions,41  as 
illustrated  in  Figure  2E.  The  ability  to  dispense  finely  tuned 
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Figure  2.  Printing  of  aqueous  cores.  (A)  Optical  micrograph  of  an  array  of  blue  aqueous  cores  with  a  center-to-center  spacing  of  200  ftm  (colors  are 
from  commercial  food  dyes).  (B)  The  corresponding  histogram  shows  the  distribution  of  droplet  volumes.  (C)  Optical  micrograph  of  a  multiplexed 
array  of  red  and  blue  capsule  cores  with  spacing  of  200  /rm  between  cores  of  opposite  color.  (D)  Optical  image  of  large  scale  (>4000)  multiplexed 
patterned  red  and  blue  capsule  cores  in  the  shape  of  a  “Princeton  tiger”.  (E)  Schematic  illustrating  the  generation  of  capsule  arrays  with  varying 
compositions.  Arrays  with  varying  volumes  are  generated  by  dispensing  multiple  droplets  in  the  same  locations.  Overlaying  them  creates  arrays  with 
varying  compositions.  (F )  Optical  micrographs  of  two  different  pH  capsule  arrays  with  varying  core  volumes.  The  number  of  dispensed  drops  varies 
from  1  to  8  drops  across  the  array.  (G)  Plot  showing  a  linear  relationship  of  core  volume  to  the  number  of  droplets  dispensed.  (H)  Optical 
micrograph  of  a  2D  array  with  varying  pH,  adjusted  by  the  ratio  of  H2S04  and  NaOH  within,  indicated  by  the  color  of  m-cresol  purple. 


volumes  allowed  us  to  adjust  the  core  volumes  by  simply 
printing  multiple  droplets  into  the  same  core.  Figure  2F  shows 
two  printed  core  arrays  with  the  volume  gradient  variations 
mapped  according  to  Figure  2E.  The  different  colors  between 
the  two  arrays  were  due  to  the  different  pH  values  of  the  cores, 
which  was  adjusted  by  varying  the  ratios  of  H2S04  and  NaOH 
inside,  as  indicated  by  the  color  of  added  m-cresol  purple  (red: 
pH  =  1.25;  violet:  pH  =  11.90;  Sigma- Aldrich).  A  linear 


relationship  between  the  core  volume  and  the  number  of 
printed  droplets  was  observed,  as  shown  in  Figure  2G.  Next,  we 
created  capsule  arrays  with  compositional  gradients  by 
overlaying  multiple  arrays  of  varying  volumes.  Specifically,  we 
created  an  array  of  cores  with  varying  pH  values  via  the 
chemical  reaction  of  the  two  printed  cores.  The  final  array  with 
varying  colors  is  shown  in  Figure  2H,  suggesting  that  the  pH 
values  of  the  cores  became  more  acidic  from  left  to  right  (pH 
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values:  11.90,  11.70,  11.42,  10.74,  3.59,  1.64,  and  1.25).  This 
ability  to  readily  generate  arrays  with  a  multifactorial 
composition  gradient  could  be  useful  for  combinatorial 
screening  applications.42’43 

Next,  shells  were  dispensed  onto  the  capsule  cores.  In  order 
to  encapsulate  the  aqueous  cores  and  achieve  controllable  core 
release,  we  developed  a  method  to  dispense  a  PLGA  solution 
directly  on  the  aqueous  core,  which  dried  into  a  uniform  shell. 
Shell  inks  were  prepared  with  PLGA  (75:25,  MW  ~  65  000— 
107  000;  Sigma- Aldrich)  concentrations  ranging  from  0.5  to  5 
wt  %  in  dichloromethane  (Sigma- Aldrich).  Figure  3A  shows  the 
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Figure  3.  Encapsulation  of  the  aqueous  core  with  a  PLGA  shell.  (A) 
Fluorescent  optical  micrographs  showing  the  stability  of  encapsulated 
cores  containing  Rhodamine  B  isothiocyanate— dextran  submerged  in 
water  over  a  24  h  period.  (B)  Plots  showing  tunable  passive  release 
kinetics  of  HRP  from  capsule  arrays,  monitored  by  an  ABTS  substrate, 
achieved  by  varying  the  thickness  of  the  PLGA  shell  ( N  =  3). 


encapsulation  of  an  aqueous  core  containing  fluorescent 
dextran  (40  kDa)  by  a  shell  formed  from  2.5  wt  %  PLGA 
solution.  The  capsules  were  immersed  in  water  to  determine 
the  leakage  of  dextran  molecules  through  any  potential  defects 
in  the  polymer  shell.  The  fluorescent  images  show  the  array  at  0 
and  24  h,  suggesting  minimal  burst  release  and  hence  minimal 
shell  defects.  This  is  in  contrast  to  typical  solution-based 
preparations  of  polymer  microcapsules,  which  yield  capsules 
that  have  a  well-known  burst  release  over  the  first  24  h,  caused 
by  porous  defects  in  the  polymer  shells.44  A  key  feature  in  this 
case  that  allows  the  PLGA  solution  to  form  uniform  shells  is 
that  while  the  polymer  solution  and  aqueous  droplet  are 
immiscible,  the  PVA  in  the  core  acts  as  an  emulsifier  and  allows 
the  polymer  solution  to  fully  wet  the  core  droplet.  Additionally, 
the  high  volatility  and  small  volume  allow  the  shell  to  rapidly 
solidify,  forming  a  kinetically  stabilized  shell  structure. 

We  next  investigated  whether  adjusting  the  shell  thickness  by 
varying  the  PLGA  concentration  in  the  ink  could  provide 
control  over  the  passive  diffusion  and  release  of  biomolecules 
from  the  capsule  cores.  To  determine  this,  we  encapsulated 
horseradish  peroxidase  (HRP,  Type  I,  52  units/mg,  Sigma- 
Aldrich)  in  capsules  with  PLGA  shells  of  varying  thicknesses. 
Figure  3B  shows  the  passive  enzyme  release,  monitored  by  the 


colorimetric  reaction  of  one-step  2,2'-azino-bis(3-ethylbenzo- 
thiazoline-6-sulfonic  acid)  (ABTS,  Thermo  Scientific)  over  48 
h.  The  release  of  fluorescent  dyes  was  directly  observed  by 
fluorescent  microscopy.  To  perform  the  assay,  10  X  10  arrays 
containing  1  mg/mL  HRP  were  encapsulated  with  PLGA  shells 
ranging  from  0.5  to  5  wt  %.  A  constant  volume  (50  f.iL )  of 
PLGA  solution  was  used  for  the  encapsulation  to  ensure 
minimal  shell  thickness  variations.  The  arrays  were  submerged 
in  5  mL  of  a  reaction  medium  composed  of  1  mL  one-step 
ABTS  solution  and  4  mL  water  in  a  six- well  plate.  The  reaction 
was  monitored  by  sampling  100  f,iL  of  the  reaction  medium  and 
measuring  the  absorbance  at  405  nm  using  a  spectropho¬ 
tometer  over  a  48  h  time  period.  It  can  be  seen  that  with 
increasing  PLGA  concentrations  the  HRP  release  rate 
decreased  gradually,  demonstrating  that  the  passive  molecular 
release  can  be  tailored  over  a  broad  release  profile  by  simply 
varying  the  polymer  concentration  in  the  shell  ink.  This  is  in 
contrast  to  solution-based  methods,  where  release  profiles 
depend  on  several  processing  variables  and  require  a  greater 
degree  of  optimization  to  achieve  such  control.23,24  When  the 
shell  was  printed  from  higher  concentration  PLGA  solutions 
(>2.5  wt  %),  the  cores  were  well-encapsulated  with  minimal 
passive  release.  Thus,  these  high  concentration  PLGA  films 
hold  the  highest  potential  as  shell  materials  for  stimuli- 
responsive  release  studies. 

To  achieve  programmable  control  over  3D  gradients,  we 
incorporated  AuNRs  in  the  capsule  shells.  AuNRs  strongly 
absorb  and  scatter  light  at  the  LSPR  wavelength,  which  is 
dependent  on  the  aspect  ratio  of  the  nanorod.45'46  This 
absorption  is  nonradiative;  hence,  the  absorbed  energy  is 
converted  to  heat,  which  suggests  that  nanorods  are  promising 
candidates  for  imparting  a  photothermal  response.47  Here,  we 
utilized  the  nanorods  to  locally  heat  and  rupture  the  capsule 
shells.  The  sharp  and  tunable  absorption  makes  them  ideal  to 
provide  highly  selective  stimuli-responsive  rupture  to  the 
multiplexed  arrays.  We  utilized  two  different  length  nanorods 
(diameter  25  nm,  Nanopartz  Inc.)  with  vis— NIR  absorption 
peaks  at  650  and  785  nm  at  100  OD/mL  (Figure  4A).  In  order 
to  incorporate  the  nanorods  in  the  polymer  shell,  we  utilized 
nanorods  functionalized  with  a  polymeric  coating,  which 
allowed  the  nanorods  to  be  easily  dispersed  in  the  polymer 
solution  (see  Supporting  Information).  To  prepare  the  ink,  the 
AuNR  solution  was  mixed  with  an  equal  part  of  5  wt  %  PLGA 
in  dichloromethane,  yielding  a  solution  with  a  final 
concentration  of  2.5  wt  %  PLGA  and  2.5  OD/mL  AuNRs  in 
dichloromethane. 

Figure  4B  shows  optical  bright-field  and  dark-field  images 
(transmitted  and  scattered  components  of  light,  respectively)  of 
polymer  shells  (2.5  wt  %  PLGA)  incorporating  both  lengths  of 
nanorods  printed  in  an  alternating  fashion.  The  observed  colors 
of  the  printed  shells  indicate  the  successful  incorporation  of 
nanorods  within  the  PLGA  polymer,  while  the  high  contrast  of 
the  two  kinds  of  nanorod-functionalized  shells  suggests  the 
promising  application  of  selective  optical  rupture.  To  confirm 
the  LSPR  wavelengths  of  the  immobilized  AuNRs  for  laser 
selection  in  photothermal  release,  the  vis— NIR  spectra  of  the 
printed  capsule  shells  were  measured  as  shown  in  Figure  4C. 
The  spectra  appear  red-shifted  (650  — >  695  nm,  785  — »  855 
nm)  due  to  the  higher  refractive  index  of  the  polymer 
compared  to  aqueous  solutions.  Minimizing  aggregation  of 
the  nanorods  is  essential  to  maintaining  the  sharpness  and 
location  of  absorption  that  allows  for  the  selective  multiplexed 
stimuli  response.  The  lack  of  shoulder  peaks  or  a  large  shift  in 
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Figure  4.  Incorporation  of  AuNRs  in  the  PLGA  shell.  (A)  TEM 
images  of  two  different  length  AuNRs  (diameter  ~25  nm)  with 
absorption  peaks  centered  at  650  and  785  nm.  (B)  Bright-held  (left) 
and  dark-held  (right)  optical  micrographs  of  dispensed  PLGA  shell 
arrays  functionalized  with  different  length  nanorods.  In  the  bright-held 
image,  the  blue  and  red  colors  correspond  to  the  650  and  780  nm 
absorption  nanorods.  The  colors  are  switched  in  the  dark-held  image 
because  this  shows  the  scattered  component  of  light  as  compared  to 
the  transmitted  in  bright-held  mode.  (C)  Vis— NIR  spectra  of  PLGA 
shells  loaded  with  different  length  nanorods. 


the  plasmon  peaks  indicates  that  nanorods  were  indeed  well 
dispersed  in  the  PLGA  shells.45 

To  test  the  ability  to  selectively  rupture  and  release 
biomolecular  payloads  at  different  wavelengths,  we  encapsu¬ 
lated  HRP-containing  cores  with  capsule  shells  containing 
either  650  or  785  nm  LSPR  nanorods.  PLGA/AuNR  shells 
were  dispensed  directly  over  the  capsule  array  with  a  controlled 
volume  (50  ^L/cm2).  The  encapsulated  array  was  then  either 
submerged  in  aqueous  media  or  covered  with  a  layer  of 
hydrogel.  As  discussed  previously,  PLGA  solutions  of  higher 
concentrations  were  ideal  for  forming  robust  capsule  shells  for 
photothermal  rupture.  Comparing  the  data  of  2.5  and  5.0  wt  % 
PLGA  in  passive  release  experiments  (red  and  blue  curves  in 
Figure  3b,  respectively),  it  can  be  observed  that  the  2.5  wt  % 
PLGA  shell  kept  the  enzyme  encapsulated  with  slightly  higher 
efficiency  as  compared  to  the  5  wt  %  shell.  This  may  be  due  to 
the  potential  for  greater  film  defect  formation  in  the  higher 
concentration  solutions  caused  by  irregular  drying.  Addition¬ 
ally,  the  lower  concentration  polymer  solution  produces  a 
thinner  capsule  shell,  which  is  more  favorable  for  photothermal 


rupture.  Therefore,  we  selected  2.5  wt  %  PLGA  as  the 
optimized  capsule  shell  for  laser-triggered  molecular  release. 

Diode  lasers  (Power  Technology,  Inc.)  with  emissions  at  658 
and  783  nm  and  intensities  of  100  and  125  mW,  respectively, 
were  used  for  the  rupturing  measurements.  The  laser  spot  size 
was  focused  to  approximately  30  fim,  so  that  capsules  could  be 
individually  addressed  with  high  resolution  (see  Supporting 
Information).  In  order  to  accurately  position  the  lasers,  they 
were  directly  mounted  on  the  benchtop  gantry  arm  using  a 
custom  fabricated  holder.  The  laser  rupture  pathway  was 
programmed  using  the  Smart  Robot  software  with  line  speeds 
ranging  from  5  to  10  mm/s.  The  optimal  laser  intensity  and 
concentration  of  nanorods  in  the  PLGA  films  were  determined 
in  both  air  and  water  ambient  conditions  (see  Supporting 
Information).  The  laser  rupture  and  functional  molecule  release 
was  first  demonstrated  by  an  HRP  solution  covered  by  a  bulk 
PLGA  film.  As  shown  in  Movie  1,  the  650  nm  nanorod- 
fiinctionalized  PLGA  film  was  ruptured  via  parallel  passes  by  a 
laser  of  wavelength  658  nm,  and  the  solution  containing  the 
HRP  enzymes  was  gradually  released.  To  measure  laser- 
triggered  HRP  release  from  a  single  capsule,  the  fluorometric 
reaction  with  the  Amplex  Red  (Life  Technologies)  reagent  was 
monitored  using  fluorescence  microscopy.  The  HRP  encapsu¬ 
lated  array  was  covered  with  a  hydrogel  ambient  containing  the 
Amplex  Red  reagent.  The  hydrogel  was  prepared  by  adding  1 
mL  of  5X  reaction  buffer  to  4  mL  of  40  wt  %  Pluronic  F-127 
(Sigma-Aldrich)  aqueous  solution  at  4  °C.  To  this  solution,  50 
fiL  of  a  10  mM  Amplex  Red  solution  in  DMSO  and  25  //L  of 
3%  H202  were  added  just  prior  to  use.  The  assay  was 
performed  by  dispensing  approximately  100  )aL  of  hydrogel 
medium  on  a  HRP  capsule  array. 

Figures  5A  and  5B  show  optical  bright-held  and  fluorescent 
images  of  ruptured  capsules  with  650  and  785  nm  nanorod- 
modihed  shells,  respectively.  The  top  image  row  shows  capsules 
that  have  been  ruptured  with  a  single  pass  of  the  laser,  and  the 
bottom  row  shows  capsules  that  have  been  ruptured  with  a 
double  pass.  The  fluorescent  images  were  taken  at  1,  3,  and  10 
min  after  laser  irradiation  and  show  the  progression  of  the 
reaction  between  the  released  HRP  and  fluorometric  substrate 
(Amplex  Red)  present  in  the  ambient  hydrogel.  Next,  we 
quantitatively  analyzed  these  selective  biomolecular  releases 
over  an  entire  array  of  capsules  that  had  been  ruptured  with  a 
single  pass,  double  pass,  or  exposed  to  the  opposite  laser,  by 
monitoring  the  colorimetric  reaction  of  ABTS  in  1  h.  These 
experiments  are  shown  in  Figures  5C  and  5D  for  650  and  785 
nm  nanorod-modified  shells,  respectively. 

Significantly,  both  the  visible  optical  images  and  quantitative 
absorption  plots  clearly  demonstrate  that  the  capsules  are 
ruptured  only  when  exposed  to  their  corresponding  laser 
wavelengths,  and  thus  the  stimuli  response  is  orthogonal  and 
selective.  Moreover,  we  showed  that  by  manipulating  the 
number  of  passes  of  the  laser  over  the  ruptured  area  of  the 
capsule,  the  release  rate  of  the  payload  could  be  very  accurately 
controlled  even  at  very  short  time  scales.  This  capability 
provides  control  over  the  temporal  release  of  biomolecules 
within  the  capsule  array  even  at  the  level  of  a  single  capsule. 
This  high-resolution  capability  to  address  individual  capsules 
can  further  be  extended  over  an  entire  array  to  rupture  capsules 
in  a  programmable  manner  (see  Supporting  Information).  The 
critical  role  of  AuNRs  in  the  photothermal  rupture  of  the 
PLGA  shells  was  further  verified  by  control  experiments 
showing  that  nonfunctionalized  shells  remained  pristine  when 
exposed  to  both  laser  sources.  Additionally,  we  observed  that 
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A  650  nm  LSPR  Gold  Nanorod  B  785  nm  LSPR  Gold  Nanorod 


Figure  5.  Selective  laser-triggered  rupture  and  release  of  enzymes.  (A,  B)  Bright-field  and  fluorescent  optical  images  of  650  and  785  nm  ruptured 
capsules  showing  release  of  HRP  (monitored  by  Amplex  Red),  respectively,  with  release  rate  controlled  by  the  ruptured  area  of  the  PLGA  polymer 
shell  (edge  length  of  the  square  images:  300  pm)  (C,  D)  Plots  showing  release  of  HRP  from  ruptured  capsule  arrays,  demonstrating  orthogonal 
selectivity  of  AuNR-encrusted  capsules  as  well  as  fine  control  over  release  kinetics,  monitored  by  an  ABTS  substrate  ( N  =  3). 


efficient  heating  and  rupturing  of  the  shells  was  also  dependent 
on  nanorod  diameter.  Specifically,  the  PLGA  polymer  shell 
could  not  be  fully  ruptured  if  smaller  diameter  nanorods  (10 
nm)  were  incorporated,  instead  of  the  larger  25  nm  diameter 
nanorods.  This  finding  is  expected,  as  the  extinction  coefficient 
increases  with  the  nanorod  diameter.48 

The  localized  heating  due  to  absorption  in  the  AuNRs  is 
expected  to  minimally  impact  the  surrounding  microenviron¬ 
ment.  However,  since  the  microenvironment  can  host  bio¬ 
logically  active  species  whose  function  is  degraded  at  elevated 
temperatures — for  example,  biomolecules  within  the  core  and 
cells  within  the  surrounding  matrix — we  examined  the 
associated  heat  transfer  characteristics  based  on  the  exper¬ 
imental  conditions  (see  Supporting  Information).  The  laser 
spot  size  (Dl  ~  30  ^fm)  and  the  experimentally  observed 
rupture  area  (ca.  40  //m,  from  Figure  5)  are  much  smaller  than 
the  particle  diameter  (Dp  ~  200  pm),  and  the  polymer  shell 
thickness  (~10  /(m)  is  significantly  less  than  both  Dp  and  the 
hydrogel  thickness  (t  >  1  mm).  Therefore,  it  is  useful  to  model 
the  associated  thermal  effects  as  a  one-dimensional  conduction 
problem  with  a  boundary  heat  source  and  a  semi-infinite 
domain.  Given  that  the  dissipation  of  heat  by  absorbed  and 
scattered  photons,  and  the  conduction  of  heat  in  the  nanorod- 
functionalized  shells,  are  much  more  rapid  than  the  conduction 
within  the  inner  aqueous  core  and  the  surrounding  hydrogel 
matrix,  the  resultant  temperature  profile  within  the  hydrogel  is 
described  by49 


T(x,  t )  -  Ts 
T,-Ts 


(1) 


Here,  T(x,t)  is  the  temperature  in  the  hydrogel  at  position  x 
and  time  t,  Ts  is  the  steady  state  temperature  of  the  nanorod- 
functionalized  polymer  shell,  Tt  is  the  initial  temperature  of  the 
hydrogel  (room  temperature),  and  a  =  k/pCp  is  the  thermal 
diffusivity,  where  k,  p,  and  Cp  are  the  hydrogel  thermal 
conductivity,  density,  and  heat  capacity,  respectively. 


We  assume  that  a  is  similar  to  the  thermal  diffusivity  of 
water,  0.143  X  10-6  m2/s;S0  Tt  =  22  °C,  and  since  the  melting 
temperature  of  the  polymer  is  40—60  °C,  we  used  Ts  =  50  °C. 
To  determine  the  heating  impact  on  the  microenvironment,  it 
is  useful  to  calculate  the  heat  penetration  depth  (fpen)  into  the 
surrounding  hydrogel,  as  excessive  heating  may  cause  cell 
damage.  Considering  that  the  experimentally  observed  rupture 
was  approximately  0.03  s  (i.e.,  LD/laser  scan  rate  of  1  mm/s), 
and  assuming  that  loss  of  biological  activity  in  cells  occurs  when 
the  temperature  exceeds  40  °C,  only  the  immediately 
surrounding  hydrogel  matrix  within  fpen  =  43  pm  of  the 
nanorod-functionalized  shell  would  reach  the  threshold 
temperature.  The  remainder  of  the  hydrogel  would  remain 
below  the  threshold  temperature.  On  the  other  hand,  the 
threshold  temperature  will  vary  inside  the  core.  The  aqueous 
core  is  expected  to  have  a  higher  tolerance,  as  biomolecules  are 
typically  more  robust  than  cells.  Here,  we  employed  HRP  as 
the  model  in  the  selective  release  experiment.  Although 
enzymes  exhibit  lower  thermal  stability  compared  to  other 
biomolecules,  such  as  DNA  and  small  molecular  drugs,  the 
denaturation  temperature  of  the  enzyme  is  ~70  °C  (the 
threshold  temperature  of  the  core).  This  is  sufficiently  high  that 
the  brief  exposure  to  the  laser  light  is  highly  unlikely  to  lead  to 
denaturation. 

The  approach  described  provides  an  excellent  means  of 
generating  2D  arrays  of  capsules  on  a  solid  substrate,  for 
selectively  programmable  biomolecular  release.  These  arrays 
have  tremendous  potential  as  a  spatiotemporal  platform  to 
controllably  probe  the  effects  of  multiplexed  biomolecular 
gradients.  A  significant  challenge  is  to  create  3D  arrays  of  the 
capsules,51  but  this  requires  that  the  aqueous  core  be  fully 
encapsulated  without  an  underlying  substrate.  To  address  this, 
we  developed  a  new  type  of  ink  based  on  a  water-in-oil 
emulsion  of  the  aqueous  core  in  the  PLGA  solution  (Figure 
6A).  The  emulsion  inks  were  prepared  via  high-speed 
dispersion  of  aqueous  core  solutions  into  the  PLGA/AuNR 
solution.  The  core  was  an  aqueous  solution  of  food  or 
fluorescent  dyes — green  (poly(fluorescein  isothiocyanate  allyl- 
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Figure  6.  3D  printing  of  hierarchically  multiplexed  capsule  arrays.  (A)  Schematic  illustrating  an  emulsion  ink-based  method  to  3D  print  complex 
capsule  arrays.  The  emulsion  ink  is  prepared  by  directly  dispersing  the  aqueous  core  in  the  PLGA  solution.  The  hydrogel  and  emulsion  inks  are 
sequentially  printed  in  a  layer-by-layer  manner  to  form  a  3D  structure.  (B,  C)  Optical  images  of  3D  multiplexed  capsule  arrays  directly  printed  in 
cylindrical  and  square  hydrogel  matrices,  respectively  (colors  of  the  capsules  are  from  food  dyes  in  the  dispersed  cores).  (D)  Fluorescent  optical 
image  of  a  single  layer  of  a  multiplexed  emulsion-based  capsule  array.  (E)  Fluorescent  optical  images  showing  rupture  and  release  of  fluorescein  dye 
(polyCfluorescein  isothiocyanate  allylamine  hydrochloride))  from  an  emulsion  capsule  with  Nile  red  stained  PLGA  (I:  before  laser  rupture;  II,  III,  IV: 
15  min,  1  h,  and  2  h  after  laser  rupture;  diameter  of  the  capsule:  ~300  //m). 


amine  hydrochloride),  Sigma-Aldrich)  or  red  (Rhodamine  B 
isothiocyanate-dextran  (MW  ~  40  000,  Sigma-Aldrich)) — at 
concentrations  ranging  from  0.1  to  1  mg/mL.  The  PLGA/ 
AuNR  solution  was  prepared  with  10  wt  %  PLGA  and  2.5  OD/ 
mL  AuNRs  (780  nm  absorption)  in  dichloromethane.  To 
prepare  the  emulsion,  200  /tL  of  the  aqueous  core  was  added  to 
800  f.iL  of  the  PLGA/ AuNR  solution  and  dispersed  using  an 
IKA  T10  disperser  at  30  000  rpm  for  60  s.  Care  was  taken  to 
adjust  the  viscosity  and  density  of  both  the  aqueous  and  organic 
phases  to  limit  separation  of  the  dispersed  droplets  during  the 
printing  process.  In  order  to  avoid  the  direct  passive  release  of 
the  aqueous  core,  a  10  wt  %  PLGA  solution  was  employed  to 
form  the  polymer  shell  in  this  emulsion-type  ink. 

As  shown  in  the  schematic,  the  emulsion-based  ink  was 
directly  printed  into  a  thin  layer  of  an  aqueous  hydrogel.  Once 
printed,  the  solvent  rapidly  evaporated  through  this  layer, 
leaving  behind  a  solidified  capsule.  Thus,  the  hydrogel  and 
capsules  can  be  readily  printed  in  a  layer-by-layer  fashion  to 
create  complex  3D  hierarchical  programmable  capsule  arrays.  A 
wide  range  of  hydrogels  can  be  easily  incorporated.  For  these 
experiments,  we  utilized  a  hydrogel  based  on  Pluronic  F-127 
that  gels  at  concentrations  above  20  wt  %  at  room  temperature. 
The  hydrogel  ink  was  prepared  using  a  40  wt  %  solution  of 
Pluronic  F-127  in  water.  3D  arrays  were  printed  sequentially  by 


depositing  the  hydrogel  and  emulsion  inks  in  a  layer-by-layer 
manner  (Movie  2).  First,  the  base  layers  of  the  hydrogel  ink 
were  dispensed  on  a  glass  slide.  Next,  the  emulsion  ink  was 
directly  dispensed  into  the  hydrogel  layer.  This  sequence  was 
repeated  to  create  free-form  hierarchical  structures  with 
multiple  capsule  layers.  The  structure  of  the  hydrogel  medium 
and  the  patterns  of  emulsion  capsules  were  programmed  with 
the  Smart  Robot  software. 

Since  the  3D  printing  process  is  based  on  digital  software 
control,  any  number  of  rationally  designed  advanced 
architectures  can  be  constructed  by  this  method.  For  instance, 
Figure  6B  shows  an  optical  photograph  of  a  hollow  hydrogel 
cylinder  containing  alternating  layers  of  red  and  blue  capsules 
in  the  cylinder  wall.  The  process  for  3D  printing  the  structure  is 
shown  in  Movie  2.  Another  example  of  a  complex  3D  structure 
is  shown  in  Figure  6C,  consisting  of  two  inverted  pyramidal 
arrays  of  capsules  printed  within  a  solid  hydrogel  cube.  Precise 
control  over  spatial  patterning  can  be  thus  demonstrated  by  this 
emulsion  ink-based  printing. 

The  fluorescent  microscope  image  in  Figure  6D  shows  a 
single  layer  of  a  multiplexed  capsule  array  containing 
fluorescently  tagged  dextrans  in  dispersed  aqueous  droplets, 
of  which  the  resolution  (center-to-center  spacing  of  ~200  /(m 
between  red  and  green  neighbors)  is  similar  to  the  capsule 
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arrays  fabricated  by  sequential  printing.  Furthermore,  we 
demonstrated  the  stimuli-responsiveness  of  these  capsules  by 
releasing  water-soluble  fluorescein  dye.  Figure  6E  (panel  I) 
shows  a  printed  capsule  with  a  fluorescein  (poly(fluorescein 
isothiocyanate  allylamine  hydrochloride))  tagged  aqueous  core 
and  Nile  red  tagged  PLGA  shell  functionalized  by  AuNRs. 
Once  ruptured  (panels  II  through  IV)  by  the  corresponding 
laser,  the  release  of  fluorescein  can  be  observed  via  the 
increasing  green/yellow  color.  Thus,  these  emulsion-based  inks 
fully  enable  complex  3D  arrays  with  selective  spatiotemporal 
response  and  functionality. 

In  summary,  we  have  developed  a  novel  technique  to  directly 
print  selectively  programmable  release  capsules  in  multiplexed 
arrays.  This  demonstration  represents  a  proof  of  concept  to 
illustrate  that  the  combination  of  additive  manufacturing 
techniques  and  functional  plasmonic  nanomaterials  can 
facilitate  the  hierarchical  assembly  of  materials  in  new  and 
unique  ways.  Here,  3D  printing  allowed  us  to  efficiently 
generate  highly  monodisperse  capsules  in  well-defined  spatial 
patterns,  while  being  able  to  independently  and  precisely 
control  the  core  volumes,  compositions,  and  shell  thicknesses. 
The  addition  of  AuNRs  imparted  a  highly  selective  stimuli 
response,  allowing  for  the  rupture  and  release  of  biomolecules 
from  these  multiplexed  arrays.  Finally,  implementing  an 
emulsion-based  ink  allowed  us  to  extend  this  approach  to 
complex  3D  arrays  directly  interwoven  within  a  hydrogel 
matrix.  Future  studies  will  focus  on  several  remaining 
challenges,  including  (l)  improving  the  resolution  and  spatial 
alignment  of  these  printed  capsules,  (2)  developing  stimuli- 
responsive  shells  with  reversible  payload  release  properties,  (3) 
developing  methods  to  quantify  in  real  time  the  concentrations 
of  payload  molecules  within  the  capsule  cores,  and  (4)  proving 
the  bio  compatibility  and  applicability  of  3D  matrices  with 
printed  capsules  at  the  cellular  level. 
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